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Higgs	  Boson	  Knowledge	  
July	  2012:	  LHC	  discovery	  of	  a	  new	  boson	  with	  mass	  125	  GeV	  

in	  4	  lepton	  and	  γγ	  final	  states,	  	  consistent	  with	  the	  SM	  
Higgs	  

3.1σ	  (global)	  significance	  in	  bb	  final	  states	  at	  the	  Tevatron	  	  
Higgs	  programs	  are	  now	  about	  measuring	  the	  boson’s	  

proper:es	  
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Proper:es	  of	  the	  new	  boson	  -‐	  mass	  
•  Mass	  measurements	  are	  from	  the	  LHC	  	  

–  CMS:	  	  	  	  125.7	  ±	  0.3	  (stat)	  ±	  0.3	  (syst)	  GeV	  
–  ATLAS:	  125.5	  ±	  0.2	  (stat)	  ±	  0.6	  (syst)	  GeV	  
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Proper:es	  -‐	  cross	  sec:ons	  

•  Measure	  cross	  sec:ons	  and	  branching	  frac:ons	  using	  
appropriate	  sub-‐channels	  

•  Consistent	  with	  SM	  
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•  Combined(µ(!(Best(accuracy(but(no(strong(physics(mo&va&on:(
–  ATLAS((γγ,(WW*(and(ZZ*)((((((((((((((((((µ =((1.33(±(0.20)(((1.23±0.18(including(bb(and(ττ)(
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Proper:es	  -‐	  couplings	  

•  Fix	  mass	  at	  125	  GeV;	  perform	  best	  fit	  of	  all	  x-‐secs/
branching	  frac:ons	  

•  Scale	  all	  fermion	  couplings	  by	  κF	  and	  all	  boson	  
couplings	  by	  κV	  
–  Need	  to	  preserve	  unitarity	  in	  branching	  frac:ons	  

•  Also	  compare	  κW	  and	  κZ	  (custodial	  sym.)	  
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Some	  examples:	   Γbb ,Γcc ,  Γττ ∝κ f
2

ΓWW ∝R
2κV

2,   R =κW /κZ

ΓZZ ∝κV
2

Γgg ∝ (0.95κ f
2 + 0.05κV

2 )

Γγγ ∝ (1.28κV − 0.28κ f )
2



Proper:es	  -‐	  couplings	  
•  Measure	  cross	  sec:ons	  and	  branching	  

frac:ons	  using	  appropriate	  sub-‐channels	  
•  Couplings	  and	  expected	  decay	  modes	  

consistent	  with	  a	  standard	  model	  Higgs	  
boson	  within	  uncertain:es	  

	  

13	  Sep	  2013	   7	  

Test(of(Vector(vs(Fermion(sectors(κVNκF(
•  Assump%ons:''

–  All(Fermion(couplings(scale(as(κF((=κt=κb=κτ=…)((
–  All(Vector(Boson(couplings(scale(as(κV((=κW=κZ)(((
–  No(BSM(contribu&ons(to(ΓH(!(κ2

H(κF κV)(~(0.7(κ2
F(+(0.3(κ2

V(((and((κg(κF κV)((κγ(κF κV)((

(
•  All(experiments(compaCble(with(SM(predicCons:(accuracy(~10320%(

–  ATLAS: κv(([1.05,1.22](at(68%(CL((((3((((κF(([0.76,1.18](at(68%(CL(
–  CMS:((( κv(([0.74,1.06](at(95%(CL((((3((((κF(([0.61,1.33](at(95%(CL(

•  κF=0(Excluded(at(>5σ((mainly(indirect(via(gg(loop)(
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Spin	  and	  Parity	  Introduc:on	  

•  SM	  predicts	  a	  spin	  J	  and	  parity	  P	  combina:on	  JP	  =	  0+	  

•  Other	  possibili:es	  are	  2+	  (graviton-‐like	  couplings)	  
and	  0-‐	  (a	  pseudoscalar)	  

•  Spin	  1	  ruled	  out	  via	  decay	  to	  two	  photons	  (Landau-‐
Yang	  Theorem)	  
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Higgs	  Spin	  and	  Parity	  at	  the	  LHC	  
•  Measurements	  use	  bosonic	  decay	  

modes,	  take	  advantage	  of	  angular	  
correla:ons	  and	  kinema:cs	  of	  Higgs	  
decay	  products	  

•  All	  measurements	  consistent	  with	  JP	  =	  0+	  
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Higgs	  Spin	  and	  Parity	  at	  the	  LHC	  
•  JP	  ≠	  0+	  excluded	  at	  99.9%	  C.L.	  (ATLAS	  2+)	  and	  99.8%	  C.L.	  (CMS	  0-‐)	  

•  No	  measurements	  using	  fermionic	  final	  states	  yet	  
•  We	  need	  a	  consistent	  picture	  in	  ALL	  expected	  Higgs	  decay	  modes	  

–  The	  Tevatron	  has	  a	  unique	  opportunity	  to	  study	  Higgs	  spin	  and	  parity	  in	  the	  
bb	  decay	  mode	  
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The	  Tevatron	  

•  1.96	  TeV	  pp	  collider	  
•  Integrated	  Luminosi:es	  

up	  to	  10	  j-‐1/exp.	  
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The Tevatron

● Ran for 25 years

- 9 in Run II at

  center of mass

  energy √s = 1.96 TeV

● Discovered top quark

● Excluded high mass 

range of the Higgs 

boson 

● Achieved the most 

precise measurement 

of the W and top mass

● Stopped running on 

September 30th, 2011

pp collisions

_	  
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Tevatron Data Taking

10.7 fb-1 on tape

About 90% efficiency

Peak luminosity ~4.4E32

10.7

11.9

Run IIb

Run IIa



Tevatron-‐LHC	  Complementarity	  

q' 

H 
q 

V 

V

Tevatron main modes: VH→V bb, H → WW* 
LHC main modes: H → γγ, H→ZZ,  H→WW* 

Tevatron contributes to property measurements,  
especially in fermionic decay modes 
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Tev,	  LHC	  

LHC	  

Tev	  



Higgs	  Analyses	  at	  the	  Tevatron	  

•  Analyses	  divided	  into	  “Low-‐
mass”	  and	  “High-‐mass”	  
based	  on	  produc:on	  and	  
decay	  mode	  

•  Low-‐mass:	  associated	  
produc:on	  

•  High-‐mass:	  	  H→WW	  decays	  
(mostly	  gg	  prod.;	  also	  VH,	  
VBF)	  	  

•  Also	  contribu:ons	  in	  
secondary	  (ττ,	  γγ)	  channels	  

13	  Sep	  2013	   13	  

bVbVH →

More	  details	  in	  the	  Mar.	  22	  
W&C	  by	  Lidija	  Zivkovic	  



Tevatron	  Combina:on	  
•  Combine	  all	  search	  channels	  from	  

D0	  and	  CDF	  
–  17	  dis:nct	  analyses,	  over	  100	  

subchannels	  (WW,	  ZZ,	  ττ, γγ decays)	  
–  Good	  agreement	  over	  many	  orders	  

of	  magnitude	  
•  Bayesian	  and	  CLs	  methods	  
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Tevatron	  Combina:on	  
•  Combine	  all	  search	  channels	  from	  

D0	  and	  CDF	  
–  17	  dis:nct	  analyses,	  over	  100	  

subchannels	  (WW,	  ZZ,	  ττ, γγ decays)	  
–  Good	  agreement	  over	  many	  orders	  

of	  magnitude	  
•  Bayesian	  and	  CLs	  methods	  
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Tevatron	  Higgs	  Through	  the	  Years	  

7	  Jul	  2012	   D0	  Combina:on	   16	  

2008	  2007	  

2007	   2008	   2009	  

2010	   2011	   2012	  



Tevatron	  σ	  ×	  Br	  
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D0	  combined	  rate:	  1.40	  x	  SM	  
D0	  H⟶bb	  rate:	  1.23	  x	  SM	  
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FIG. 8: The significance of the observed data excess with re-
spect to the background-only expectation for the combination
of all CDF search channels as a function of SM Higgs boson
mass. The probabilities for the background model to result in
a best-fit cross section as large or larger than that observed
in data, p-values, are shown with the solid line. The dashed
line indicates the mean expected p-values in the presence of
a SM Higgs boson evaluated separately for each test mass,
where the associated shaded regions show the ranges of one
and two standard deviation fluctuations in observed p-values
for these scenarios. The dot-dashed line indicates mean ex-
pected p-values for each mass hypothesis in the case of the
SM Higgs boson with mH = 125 GeV/c2.

interpretation are listed in Table VI.
Previous searches for a fermiophobic Higgs boson at

the Tevatron excluded signals with masses smaller than
119 GeV/c2 [88–90]; the expected exclusion was also
mHf

< 119 GeV/c2. The ATLAS and CMS Collabo-
rations excluded mHf

in the ranges 110.0–118.0 GeV/c2

and 119.5–121.0 GeV/c2 using diphoton final states [91]
and in the range 110–194 GeV/c2 by combining multiple
final states [92].
Dedicated searches are conducted for H → γγ within

the FHM interpretation to optimize the sensitivity for
the different event kinematic properties associated with
the dominant Higgs boson production mechanisms. FHM
Higgs bosons are produced in association with vector
bosons, or recoiling from jets in the case of VBF. As a
result, the Higgs boson pT spectrum is shifted to higher
values for the FHM than the SM, where the dominant
production mechanism is gg → H . Potential signal con-
tributions from WH, ZH, and VBF production included
in the SM H → W+W− and H → ZZ search chan-
nels are also incorporated. In the H → W+W− search
sub-channel focusing on events with opposite-charge lep-
tons and two or more reconstructed jets, where potential
signal contributions from these production mechanisms
are significant, the final discriminant used for the FHM
interpretation has been re-optimized to focus on the ex-
pected event kinematic properties of the relevant signal
processes. The FHM search is performed over the range

SMσ/σBest Fit 
0 1 2 3 4 5 6 7 8 9 10 11

b Vb→VH

-τ+τ →H

-W+ W→H

γγ →H
bbt t→Htt

2 = 125 GeV/cHm

Combined (68% C.L.) 

Single channel

FIG. 9: Summary of best-fit signal cross sections relative
to SM expectations for the mH = 125 GeV/c2 hypothesis.
Square dots with horizontal uncertainty bars show the fitted
cross sections obtained from the subsets of CDF search chan-
nels corresponding to V H → V bb̄, H → W+W−, H → γγ,
H → τ+τ−, and tt̄H → tt̄bb̄ production and decay. The solid
vertical line and associated shaded region illustrate the fitted
SM cross section obtained from all search channels.

100 ≤ mH ≤ 200 GeV/c2.
No evidence for a fermiophobic Higgs boson is found

in the data, and upper limits are set on the produc-
tion rate relative to the FHM expectation. These lim-
its are shown in Fig. 10 and listed in Table VI. We
exclude a fermiophobic Higgs boson in the mass range
100 < mH < 113 GeV/c2, and expect to exclude 100 <
mH < 122 GeV/c2 in the absence of a Higgs boson signal.

IX. FOURTH-GENERATION MODEL
INTERPRETATION AND

MODEL-INDEPENDENT LIMIT ON gg → H
PRODUCTION

The lowest-order process mediating the ggH coupling
in the SM is a quark triangle-loop, with the dominant
contribution coming from the top quark, and a smaller
contribution from the bottom quark. The model tested
here is the standard model with a fourth sequential gen-
eration of fermions (SM4). The masses of the compo-
nents of the fourth generation are assumed to be larger
than the mass bounds from collider experiments. In the
SM4, the up-type (u4) and down-type (d4) quarks would
contribute approximately with the same magnitude as
the top quark to the ggH coupling, resulting in approxi-
mately a factor of nine increase in the gg → H produc-
tion cross section and the H → gg decay width [15–17].
The enhancement is modified by resonant structure in

CDF	  

CDF	  combined	  rate:	  1.54	  x	  SM	  

CDF



VH⟶	  Vbb	  Analyses	  
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l  WH	  →	  lνbb	  –	  1	  lepton	  +	  MET	  +	  2	  b-‐jets	  
l  Dominant	  backgrounds:	  W+jets,	  top	  
l  Mul:jet	  backgrounds	  challenging	  

l  ZH	  →	  llbb	  –	  2	  leptons	  +	  2	  b-‐jets	  
l Fully	  reconstructed	  final	  state	  

l  Modeling	  of	  the	  Z+jets	  background;	  
rejec:on	  of	  the	  v	  background	  

l  ZH	  →	  ννbb	  –	  MET	  +	  2	  b-‐jets	  
(contribu:on	  from	  WH	  also)	  

l  Accurately	  model	  and	  reject	  mul:jet	  
background	  

WH→ νbb

_	  



Keys	  to	  Success	  in	  bb	  Searches	  
•  b-‐tagging	  

–  Pick	  out	  events	  with	  b-‐jets	  using	  tagger	  
–  Improve	  s/b	  ra:os	  from	  ~1/7000	  to	  

~1/200	  
•  Mul:variate	  techniques	  

–  Discriminate	  against	  single	  backgrounds	  
or	  against	  all	  

–  Mul:ple	  MVA	  techniques	  per	  analysis	  
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VH → Vbb

● Key ingredients:

- Lepton, jet and Ɇ
T
  reconstruction

- Jet energy resolution (15%)

- b-tagging: eff 50-80%; mis id 1-10%

- Multivariate techniques to reject 

backgrounds

   - Either to split into two regions or  

      to remove background 

tt depleted

tt enriched

tt depleted



WH⟶lνbb	  Search	  
•  Large	  W+jets	  background	  
•  Also	  contribu:ons	  from	  mul:jet	  background	  

–  Develop	  specialized	  decision	  tree	  to	  reject	  mul:jet	  events	  
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ZH⟶llbb	  Search	  
•  Can	  derive	  MC	  normaliza:ons	  from	  Z	  

peak;	  reduces	  luminosity	  uncertainty	  
•  Fully	  Reconstructed	  Final	  State	  

–  Able	  to	  use	  “kinema:c	  fit”	  to	  correct	  physics	  
objects	  to	  improve	  mass	  resolu:on	  

•  Recover	  inefficiency	  with	  secondary	  
channels	  where	  second	  lepton	  is	  not	  
iden:fied	  (mu+track,	  e+ICR	  electron)	  
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ZH⟶vvbb	  Search	  
•  Challenging	  mul:jet	  background	  
•  Use	  variables	  such	  as	  MET	  significance	  (S)	  for	  
discrimina:on;	  develop	  decision	  tree	  to	  reject	  
mul:jet	  backgrounds	  

•  Use	  sideband	  regions	  for	  electroweak	  and	  mul:jet	  
background	  es:ma:on	  
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H→bb	  Search	  Valida:on	  
•  WZ	  and	  ZZ	  (with	  Z→bb):	  same	  final	  states	  as	  WH/ZH	  

–  4-‐5	  :mes	  larger	  cross	  sec:on	  
•  Remove	  WZ	  and	  ZZ	  from	  SM	  backgrounds,	  treat	  them	  as	  a	  
poten:al	  signal,	  WW	  is	  a	  background	  
–  Do	  NOT	  change	  basic	  selec:on	  criteria	  from	  the	  WH/ZH	  analyses	  

•  Perform	  WZ+ZZ	  (VZ)	  cross	  sec:on	  measurement	  (also	  
done	  by	  CDF)	  

•  Also	  evaluates	  quality	  of	  background	  modeling	  

8/22/2012	   23	  
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Benchmark	  results	  
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MZ	  =	  91.1	  GeV	  

D0	  	  measured	  VZ	  cross	  sec:on:	  (0.73	  ±	  0.32)	  x	  SM	  predic:on	  of	  4.4	  pb	  
3.4	  σ	  expected	  sensi:vity	  

Mul:variate	  output	  



VH⟶Vbb	  @	  LHC	  status	  
•  Higgs	  decay	  to	  bb	  not	  yet	  observed	  
•  Hints	  consistent	  with	  SM	  	  	  
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CMS:	  σ(VH)	  	  	  	  =	  1.0	  ±	  0.5	  (stat.	  +	  syst.)	  ×	  SM	  (2.1	  σ	  signif.)	  
ATLAS:	  σ(VH)	  =	  0.2	  ±	  0.5	  (stat.)	  ±	  0.4	  (syst.)	  ×	  SM	  	  
	  

_	  

_	  



Tevatron	  VH⟶Vbb	  Results	  
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Measured	  (σWH+σZH)×Β(H⟶bb):	  0.19	  ±	  0.09	  pb	  
SM	  predic:on:	  0.12	  ±	  0.01	  pb	  

σ/σSM	  =	  1.6	  ±	  0.7	  

_	  
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FIG. 9: (color online). The log-likelihood ratio LLR as a
function of Higgs boson mass from the combination of CDF
and D0’s SM Higgs boson searches focusing on the H → bb̄ de-
cay mode. The solid line shows the observed LLR values, the
dark short-dashed line shows the median expectation assum-
ing no Higgs boson signal is present, and the dark- and light-
shaded bands correspond, respectively, to the regions encom-
passing one and two s.d. fluctuations around the background-
only expectation. The red long-dashed line shows the median
expectation assuming a SM Higgs boson signal is present at
each value of mH in turn. The blue lines show the median
expected LLR assuming the SM Higgs boson is present at
mH = 125 GeV/c2 with signal strengths of 1.0 times (short-
dashed) and 1.5 times (long-dashed) the SM prediction.
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CDF and D0’s SM Higgs boson searches focusing on the
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LLR values, the dark short-dashed line shows the median ex-
pectation assuming no Higgs boson signal is present, and the
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•  3	  Analyses:	  WH-‐>lvbb,	  ZH-‐>llbb,	  ZH-‐>vvbb	  
•  Inputs	  to	  final	  D0	  Higgs	  combina:on;	  excess	  
compa:ble	  with	  SM	  Higgs	  

•  Best	  fit	  H-‐>bb	  cross	  sec:on:	  1.23	  	  	  	  	  	  	  ×	  SM	  +1.24	  
-‐1.17	  

SM
)J × m / (J × m
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b bAH
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-W+ WAH

aa AH
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 = 125 GeVHM
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Spin	  and	  Parity	  at	  the	  Tevatron	  

•  LHC	  uses	  decay	  product	  and	  angular	  informa:on	  in	  
bosonic	  decays	  (mostly	  gg	  +	  VBF	  produc:on	  modes)	  	  

•  In	  associated	  produc:on,	  produc:on	  processes	  are	  
different	  depending	  on	  JP	  assignment	  
–  For	  0+,	  produc:on	  is	  S-‐wave;	  cross	  sec:on	  ~β	  near	  threshold	  
–  For	  0-‐,	  produc:on	  is	  P-‐wave;	  cross	  sec:on	  ~β3	  near	  threshold	  
–  For	  2+,	  D-‐wave	  contribu:on	  dominate	  for	  graviton-‐like	  couplings;	  
cross	  sec:on	  ~β5     	  

•  Thus	  at	  the	  Tevatron	  we	  expect	  the	  kinema:c	  differences	  
to	  come	  from	  different	  behaviors	  at	  the	  produc:on	  
threshold	  
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Details	  in	  	  
Miller,	  Choi,	  Eberle,	  Muhlleitner,	  and	  Zerwas,	  PLB	  505,	  149	  (2001)	  	  

Ellis,	  Hwang,	  Sanz,	  You,	  JHEP	  1211,	  134	  (2012)	  β = 2p / s
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FIG. 2: The Z + b̄b background invariant mass distribution (green) at the TeVatron using the D0 cuts

described in the text (left panel) and the LHC at 8 TeV using the CMS cuts also described in the text (right

panel) compared with the two-lepton signal distributions in the Z + X invariant mass MZX for the 0+

(solid black), 0� (pink dotted) and 2+ (blue dashed) assignments for the particle X with mass ⇠ 125 GeV.

III. DETECTOR SIMULATIONS FOR DIFFERENT SPIN-PARITY ASSIGNMENTS

A. TeVatron

The TeVatron experiments CDF and D0 have reported evidence for production of the X particle

in association with Z ! `+`�, ⌫̄⌫ and W± ! `±⌫ [3]. In this Section we simulate these analyses

using Delphes. We first apply the following baseline parton-level cuts at the generator level:

p`T > 10 GeV, |⌘`| < 2., pjT > 20 GeV, |⌘j| <2.5 and �Rj` > 0.5, where ⌘ is the pseudo-rapidity

and R is the standard cone angle variable, and jets are reconstructed using the cone size R = 0.5

As shown in the left panel of Fig. 3, the discrimination between the different possible spin-parity

assignments survives the baseline cuts. We next proceed to implement event selections and cuts

specific to the CDF and D0 experiments for analyses with two, one and zero leptons.

1. D0 and CDF Z ! `+`� +X ! b̄b analyses

The D0 [14] selection cuts we implement are different for muons and electrons. In the muon

case, we ask for a leading lepton with pT >20 GeV and |⌘`| < 2, and a sub-leading lepton with

Tes:ng	  Spin	  and	  Parity	  
Visible	  mass	  of	  Vbb	  system	  very	  
sensi:ve	  to	  JP	  assignment,	  good	  
separa:on	  with	  backgrounds	  for	  2+	  
and	  0-‐	  as	  well	  
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FIG. 6: The effect of a fast simulation of the CDF [17] and D0 [18] Z ! ⌫̄⌫ + X ! b̄b analyses

with Delphes on the transverse mass distributions for the different JP assignments. The discrimination

between the different spin-parity assignments seen in Fig. 1 is maintained.

B. LHC V +X ! b̄b analyses

Both ATLAS [19] and CMS [20] have published the results of searches for associated V +X

production, so far establishing upper limits in the absence of a significant signal.

In simulating the ATLAS analysis with zero leptons, the parton-level cuts we use in our sample

generation are /ET > 120 GeV, pT > 80 GeV for the leading jet, and pjT > 20 GeV for all

other jets. We also use the cuts �� /E
T

,j < ⇡/2 for the two leading jets. We follow the CMS

analysis by including a selection for V and X decays with dijet pairs and V decays boosted in the

transverse direction, via the cuts listed in Table I. Other cuts on combinations such as mjj and m``

are automatically 100% efficient for the signal, as is the requirement for b-tagged jets. We note

that jets are reconstructed using the anti-kT algorithm with cut parameter 0.5.

We display in Fig. 7 various kinematical distributions found after simulations of the ATLAS

cuts (upper row) and the CMS cuts detailed in Table I (lower row) for events with two, one and zero

identified leptons (left, centre and right panels). In almost every case, we see that the distributions

for the 0+, 2+ and 0� spin-parity assignments for the X particle are clearly distinguishable. The

only exceptions are provided by the transverse mass distributions for the CMS analysis of one-

and zero-lepton events, where we see that the 0� and 0+ cases are indistinguishable. This is a

consequence of the boost requirements, which suppress low-mass V + X combinations. These
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FIG. 4: The distributions in the difference in azimuthal angles, ��, between the dijet and dilepton systems

in the TeVatron Z ! `+`� +X ! b̄b analyses, for the 0+ and 2+ spin assignments (black solid and blue

dashed lines, respectively).

2. CDF W± ! `±⌫ +X ! b̄b analysis

The analysis of this single-lepton channel has been published by CDF [16], and 25.3 ± 1.4

signal events were expected In the four two-jet categories. At the parton level, we impose the cuts

p`T > 20 GeV, |⌘`| < 2.5, pjT > 20 GeV, |⌘j| <2.5 and �Rj` > 0.5. The CDF analysis requires

exactly two or three jets with pjT > 20 GeV and |⌘j| <2. There is also a cut on missing energy

that depends on the centrality of the lepton, with tighter cuts for forward leptons. If |⌘`| < 1.1, the

missing transverse energy /ET is required to be above 20 GeV, increases to 25 GeV in the forward

region. The selection cuts maintain the discrimination between different JP assignments in the

transverse mass variable

m2
T = (EW

T + EX
T )2 � (~pWT + ~pXT )

2, (III.1)

where the W transverse momentum is

~pWT = /~ET + ~p`T , (III.2)

as is shown in Fig. 5.

plots	  from	  Ellis,	  Hwang,	  Sanz,	  You,	  JHEP	  1211,	  134	  [2012]	  

Δφ(ll, jj)

D0 ZH→ bb

mjjll mT
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FIG. 2: The Z + b̄b background invariant mass distribution (green) at the TeVatron using the D0 cuts

described in the text (left panel) and the LHC at 8 TeV using the CMS cuts also described in the text (right

panel) compared with the two-lepton signal distributions in the Z + X invariant mass MZX for the 0+

(solid black), 0� (pink dotted) and 2+ (blue dashed) assignments for the particle X with mass ⇠ 125 GeV.

III. DETECTOR SIMULATIONS FOR DIFFERENT SPIN-PARITY ASSIGNMENTS

A. TeVatron

The TeVatron experiments CDF and D0 have reported evidence for production of the X particle

in association with Z ! `+`�, ⌫̄⌫ and W± ! `±⌫ [3]. In this Section we simulate these analyses

using Delphes. We first apply the following baseline parton-level cuts at the generator level:

p`T > 10 GeV, |⌘`| < 2., pjT > 20 GeV, |⌘j| <2.5 and �Rj` > 0.5, where ⌘ is the pseudo-rapidity

and R is the standard cone angle variable, and jets are reconstructed using the cone size R = 0.5

As shown in the left panel of Fig. 3, the discrimination between the different possible spin-parity

assignments survives the baseline cuts. We next proceed to implement event selections and cuts

specific to the CDF and D0 experiments for analyses with two, one and zero leptons.

1. D0 and CDF Z ! `+`� +X ! b̄b analyses

The D0 [14] selection cuts we implement are different for muons and electrons. In the muon

case, we ask for a leading lepton with pT >20 GeV and |⌘`| < 2, and a sub-leading lepton with

Tes:ng	  Spin	  and	  Parity	  
Visible	  mass	  of	  Vbb	  system	  very	  
sensi:ve	  to	  JP	  assignment,	  good	  
separa:on	  with	  backgrounds	  for	  2+	  
and	  0-‐	  as	  well	  
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FIG. 6: The effect of a fast simulation of the CDF [17] and D0 [18] Z ! ⌫̄⌫ + X ! b̄b analyses

with Delphes on the transverse mass distributions for the different JP assignments. The discrimination

between the different spin-parity assignments seen in Fig. 1 is maintained.

B. LHC V +X ! b̄b analyses

Both ATLAS [19] and CMS [20] have published the results of searches for associated V +X

production, so far establishing upper limits in the absence of a significant signal.

In simulating the ATLAS analysis with zero leptons, the parton-level cuts we use in our sample

generation are /ET > 120 GeV, pT > 80 GeV for the leading jet, and pjT > 20 GeV for all

other jets. We also use the cuts �� /E
T

,j < ⇡/2 for the two leading jets. We follow the CMS

analysis by including a selection for V and X decays with dijet pairs and V decays boosted in the

transverse direction, via the cuts listed in Table I. Other cuts on combinations such as mjj and m``

are automatically 100% efficient for the signal, as is the requirement for b-tagged jets. We note

that jets are reconstructed using the anti-kT algorithm with cut parameter 0.5.

We display in Fig. 7 various kinematical distributions found after simulations of the ATLAS

cuts (upper row) and the CMS cuts detailed in Table I (lower row) for events with two, one and zero

identified leptons (left, centre and right panels). In almost every case, we see that the distributions

for the 0+, 2+ and 0� spin-parity assignments for the X particle are clearly distinguishable. The

only exceptions are provided by the transverse mass distributions for the CMS analysis of one-

and zero-lepton events, where we see that the 0� and 0+ cases are indistinguishable. This is a

consequence of the boost requirements, which suppress low-mass V + X combinations. These
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FIG. 4: The distributions in the difference in azimuthal angles, ��, between the dijet and dilepton systems

in the TeVatron Z ! `+`� +X ! b̄b analyses, for the 0+ and 2+ spin assignments (black solid and blue

dashed lines, respectively).

2. CDF W± ! `±⌫ +X ! b̄b analysis

The analysis of this single-lepton channel has been published by CDF [16], and 25.3 ± 1.4

signal events were expected In the four two-jet categories. At the parton level, we impose the cuts

p`T > 20 GeV, |⌘`| < 2.5, pjT > 20 GeV, |⌘j| <2.5 and �Rj` > 0.5. The CDF analysis requires

exactly two or three jets with pjT > 20 GeV and |⌘j| <2. There is also a cut on missing energy

that depends on the centrality of the lepton, with tighter cuts for forward leptons. If |⌘`| < 1.1, the

missing transverse energy /ET is required to be above 20 GeV, increases to 25 GeV in the forward

region. The selection cuts maintain the discrimination between different JP assignments in the

transverse mass variable

m2
T = (EW

T + EX
T )2 � (~pWT + ~pXT )

2, (III.1)

where the W transverse momentum is

~pWT = /~ET + ~p`T , (III.2)

as is shown in Fig. 5.

plots	  from	  Ellis,	  Hwang,	  Sanz,	  You,	  JHEP	  1211,	  134	  [2012]	  
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Today’s	  results	  only	  cover	  0+	  vs.	  2+	  	  
0-‐	  vs.	  0+	  studies	  are	  ongoing	  



Genera:ng	  signals	  
•  Generate	  2+	  signal	  with	  MADGRAPH5;	  interfaced	  to	  

PYTHIA	  for	  showering	  
–  Use	  RS	  graviton	  model,	  ini:al	  normaliza:on	  to	  SM	  σ	  x	  Br	  
–  Note:	  no	  generic	  Spin-‐2	  model	  
–  Only	  considering	  VH	  processes	  (no	  e.g.	  gg	  or	  VBF)	  

•  MADGRAPH	  0+	  VH	  checked	  against	  PYTHIA	  VH;	  good	  
agreement	  

•  Observe	  similar	  separa:on	  to	  that	  predicted	  
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Visible	  Mass	  in	  VH	  Channels	  

•  Tightest	  b-‐tag	  sub-‐channel	  shown	  (upper	  edge	  bins	  combined	  due	  to	  sta:s:cs)	  
•  Good	  separa:on	  between	  different	  signals	  
•  Can	  we	  do	  bever	  on	  the	  backgrounds?	  
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Dijet Mass (GeV)
0 100 200 300 400

Ev
en

ts

0
20
40
60
80

100
120
140
160
180
200
220 -1DØ Preliminary, 9.5 fb

10)×(Signals 

Data
Multijet
V+lf
V+hf
tt

VV
 Signal+0
 Signal+2

, TTbbiiAZH

Addi:onal	  Discrimina:on	  
•  Take	  advantage	  of	  known	  mass	  

–  vvbb,	  llbb:	  create	  High/Low	  Purity	  (HP/LP)	  regions	  using	  Mbb	  

•  lvbb	  uses	  MVA	  output	  to	  make	  HP/LP	  regions	  
•  Separate	  channels	  in	  sta:s:cal	  analysis	  
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Final	  Variables	  
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Results	  
•  Use	  CLs	  to	  quan:fy	  model	  preference,	  log-‐likelihood	  ra:o	  (LLR)	  as	  

test	  sta:s:c	  
–  H1:	  2+	  signal	  +	  Background	  
–  H0:	  0+	  signal	  +	  Background	  

•  Compute	  for	  2	  different	  signal	  scale	  factors	  μ	  on	  SM	  σ(VH)×Br(bb)	  
–  1.00	  (SM)	  	  
–  1.23	  (D0	  measured	  rate)	  

•  Allow	  systema:c	  uncertain:es	  to	  vary	  in	  pseudoexperiments	  (LHC	  
first	  fits	  signals	  to	  data	  for	  normaliza:on,	  thereby	  constraining	  
systema:cs)	  
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LLR = −2 log(L(H1) / L(H0))
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FIG. 8: LLR distributions when comparing the JP = 0+ and JP = 2+ hypotheses for the (a) WH → !νbb̄ analysis, (b)
ZH → !!bb̄ analysis, (c) ZH → ννbb̄ analysis, and (d) combination. We normalize the JP = 2+ and JP = 0+ samples to the
SM Higgs cross section at 125 GeV (µ = 1.0). Black solid line represents observed value, while green and yellow area are 1 s.d.
and 2 s.d. on the expectation from the null hypothesis H0, which is in this case SM Higgs boson plus background.

Results	  
•  Use	  CLs	  to	  quan:fy	  model	  preference,	  log-‐likelihood	  ra:o	  (LLR)	  as	  

test	  sta:s:c	  
–  H1:	  2+	  signal	  +	  Background	  
–  H0:	  0+	  signal	  +	  Background	  

•  Compute	  for	  2	  different	  signal	  scale	  factors	  μ	  on	  SM	  σ(VH)×Br(bb)	  
–  1.00	  (SM;	  shown)	  	  
–  1.23	  (D0	  measured	  rate)	  
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LLR = −2 log(L(H1) / L(H0))



Results	  

•  CLs=CLH1/CLH0	  
•  CLx=P(LLR	  ≥	  LLRobs|x)	  
•  Interpret	  1-‐CLs	  as	  C.L.	  

for	  exclusion	  of	  2+	  in	  
favor	  of	  0+	  

•  Exclude	  2+	  model	  	  	  	  	  	  	  	  	  	  
at	  >	  99.2%	  C.L.	  

•  Expected	  exclusion	  is	  
3.2 s.d.	  (µ=1.0)	  

•  Compe::ve	  with	  LHC	  
single-‐channel	  
measurements	  
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Combined	  
Result	  

Result	  in	  s.d.	  

1	  –	  CLs	  Exp.	  (µ=1.00)	   0.9992	   3.16	  

1	  –	  CLs	  Obs.	  (µ=1.00)	   0.9922	   2.42	  

1	  –	  CLs	  Exp.	  (µ=1.23)	   0.9999	   3.72	  

1	  –	  CLs	  Obs.	  (µ=1.23)	   0.9988	   3.04	  

hvp://www-‐d0.fnal.gov/Run2Physics/WWW/results/prelim/HIGGS/H138/	  



Signal	  Admixtures	  
•  Allow	  possibility	  of	  both	  a	  2+	  and	  0+	  signal	  in	  data	  

–  Vary	  2+	  frac:on	  f2+	  from	  0	  to	  1	  
–  H1:	  µ	  ×	  (σ�Br(-‐>bb))SM	  ×	  [2+	  ×	  f2+	  +	  	  0+	  ×	  (1	  –	  f2+)]	  +	  Background	  
–  H0:	  µ	  ×	  (σ�Br(-‐>bb))SM	  ×	  	  0+	  (i.e.	  pure	  0+)	  +	  Background	  

•  Fix	  µ	  to	  1.00	  or	  1.23,	  compute	  LLR,	  CLs,	  etc.	  
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FIG. 10: Plot of (a) LLR for µ = 1.0, (b) 1 − CLs for µ = 1.0, (c) LLR for µ = 1.23, (d) 1 − CLs for µ = 1.23, as a function
of the JP = 2+ signal fraction f2+ for all channels combined. We define H1 to be the sum of background, the JP = 2+ signal
normalized to µ × σSM × f2+ , and the JP = 0+ signal normalized to µ × σSM × (1 − f2+). We define H0 to be the sum of
background and the JP = 0+ signal normalized to µ × σSM (i.e. a pure JP = 0+ signal.)
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FIG. 10: Plot of (a) LLR for µ = 1.0, (b) 1 − CLs for µ = 1.0, (c) LLR for µ = 1.23, (d) 1 − CLs for µ = 1.23, as a function
of the JP = 2+ signal fraction f2+ for all channels combined. We define H1 to be the sum of background, the JP = 2+ signal
normalized to µ × σSM × f2+ , and the JP = 0+ signal normalized to µ × σSM × (1 − f2+). We define H0 to be the sum of
background and the JP = 0+ signal normalized to µ × σSM (i.e. a pure JP = 0+ signal.)



Signal	  Admixtures	  
•  Allow	  possibility	  of	  both	  a	  2+	  and	  0+	  signal	  in	  data	  

–  Vary	  2+	  frac:on	  f2+	  from	  0	  to	  1	  
–  H1:	  µ	  ×	  (σ�Br(-‐>bb))SM	  ×	  [2+	  ×	  f2+	  +	  	  0+	  ×	  (1	  –	  f2+)]	  +	  Background	  
–  H0:	  µ	  ×	  (σ�Br(-‐>bb))SM	  ×	  	  0+	  (i.e.	  pure	  0+)	  +	  Background	  

•  Fix	  µ	  to	  1.00	  or	  1.23,	  compute	  LLR,	  CLs,	  etc.	  
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Exclude	  f2+	  	  >	  0.71	  at	  95%	  C.L.	   Exclude	  f2+	  	  >	  0.57	  at	  95%	  C.L.	  
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FIG. 10: Plot of (a) LLR for µ = 1.0, (b) 1 − CLs for µ = 1.0, (c) LLR for µ = 1.23, (d) 1 − CLs for µ = 1.23, as a function
of the JP = 2+ signal fraction f2+ for all channels combined. We define H1 to be the sum of background, the JP = 2+ signal
normalized to µ × σSM × f2+ , and the JP = 0+ signal normalized to µ × σSM × (1 − f2+). We define H0 to be the sum of
background and the JP = 0+ signal normalized to µ × σSM (i.e. a pure JP = 0+ signal.)

17

 Fraction+2
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

LL
R

-10

0

10

20

30

40
-1 9.7 fb≤ 

int
D0 Preliminary, L

 1.0× SM
Hσ = +0σ + +2σ

Observed LLR
 LLR+0
 LLR+2

1 s.d.± LLR +0
2 s.d.± LLR +0

-1 9.7 fb≤ 
int

D0 Preliminary, L

(a)

 Fraction+2
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

s
1-

CL

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3
-1 9.7 fb≤ 

int
D0 Preliminary, L

 1.0× SM
Hσ = +0σ + +2σ

 Observeds1-CL
 Expecteds1-CL

1 s.d.±Expected 
2 s.d.±Expected 

-1 9.7 fb≤ 
int

D0 Preliminary, L

(b)

 Fraction+2
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

LL
R

-10

0

10

20

30

40
-1 9.7 fb≤ 

int
D0 Preliminary, L

 1.23× SM
Hσ = +0σ + +2σ

Observed LLR
 LLR+0
 LLR+2

1 s.d.± LLR +0
2 s.d.± LLR +0

-1 9.7 fb≤ 
int

D0 Preliminary, L

(c)

 Fraction+2
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

s
1-

CL

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3
-1 9.7 fb≤ 

int
D0 Preliminary, L

 1.23× SM
Hσ = +0σ + +2σ

 Observeds1-CL
 Expecteds1-CL

1 s.d.±Expected 
2 s.d.±Expected 

-1 9.7 fb≤ 
int

D0 Preliminary, L

(d)

FIG. 10: Plot of (a) LLR for µ = 1.0, (b) 1 − CLs for µ = 1.0, (c) LLR for µ = 1.23, (d) 1 − CLs for µ = 1.23, as a function
of the JP = 2+ signal fraction f2+ for all channels combined. We define H1 to be the sum of background, the JP = 2+ signal
normalized to µ × σSM × f2+ , and the JP = 0+ signal normalized to µ × σSM × (1 − f2+). We define H0 to be the sum of
background and the JP = 0+ signal normalized to µ × σSM (i.e. a pure JP = 0+ signal.)



Signal	  Admixtures	  
•  Allow	  possibility	  of	  both	  a	  2+	  and	  0+	  signal	  in	  data	  

–  Vary	  2+	  frac:on	  f2+	  from	  0	  to	  1	  
–  H1:	  µ	  ×	  (σ�Br(-‐>bb))SM	  ×	  [2+	  ×	  f2+	  +	  	  0+	  ×	  (1	  –	  f2+)]	  +	  Background	  
–  H0:	  µ	  ×	  (σ�Br(-‐>bb))SM	  ×	  	  0+	  (i.e.	  pure	  0+)	  +	  Background	  

•  Fix	  µ	  to	  1.00	  or	  1.23,	  compute	  LLR,	  CLs,	  etc.	  
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Exclude	  f2+	  	  >	  0.71	  at	  95%	  C.L.	   Exclude	  f2+	  	  >	  0.57	  at	  95%	  C.L.	  
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FIG. 10: Plot of (a) LLR for µ = 1.0, (b) 1 − CLs for µ = 1.0, (c) LLR for µ = 1.23, (d) 1 − CLs for µ = 1.23, as a function
of the JP = 2+ signal fraction f2+ for all channels combined. We define H1 to be the sum of background, the JP = 2+ signal
normalized to µ × σSM × f2+ , and the JP = 0+ signal normalized to µ × σSM × (1 − f2+). We define H0 to be the sum of
background and the JP = 0+ signal normalized to µ × σSM (i.e. a pure JP = 0+ signal.)
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FIG. 10: Plot of (a) LLR for µ = 1.0, (b) 1 − CLs for µ = 1.0, (c) LLR for µ = 1.23, (d) 1 − CLs for µ = 1.23, as a function
of the JP = 2+ signal fraction f2+ for all channels combined. We define H1 to be the sum of background, the JP = 2+ signal
normalized to µ × σSM × f2+ , and the JP = 0+ signal normalized to µ × σSM × (1 − f2+). We define H0 to be the sum of
background and the JP = 0+ signal normalized to µ × σSM (i.e. a pure JP = 0+ signal.)

Will	  be	  repeated	  for	  0+	  vs.	  0-‐	  



Summary	  
•  D0	  spin	  and	  parity	  tests	  (first	  in	  

bb	  final	  states)	  favor	  JP=0+;	  
reject	  JP=2+	  (graviton-‐like	  
couplings)	  at	  >	  99.2%	  C.L.	  	  

•  A	  consistent	  Higgs	  boson	  
picture	  is	  forming;	  Tevatron	  
provides	  complementary	  info	  
in	  bb	  channels	  
–  Cross	  sec:ons,	  couplings,	  spin,	  

and	  parity	  all	  consistent	  with	  SM	  
Higgs	  

•  S:ll	  to	  come:	  JP=0-‐	  tests	  
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FIG. 10: Plot of (a) LLR for µ = 1.0, (b) 1 − CLs for µ = 1.0, (c) LLR for µ = 1.23, (d) 1 − CLs for µ = 1.23, as a function
of the JP = 2+ signal fraction f2+ for all channels combined. We define H1 to be the sum of background, the JP = 2+ signal
normalized to µ × σSM × f2+ , and the JP = 0+ signal normalized to µ × σSM × (1 − f2+). We define H0 to be the sum of
background and the JP = 0+ signal normalized to µ × σSM (i.e. a pure JP = 0+ signal.)
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FIG. 8: LLR distributions when comparing the JP = 0+ and JP = 2+ hypotheses for the (a) WH → !νbb̄ analysis, (b)
ZH → !!bb̄ analysis, (c) ZH → ννbb̄ analysis, and (d) combination. We normalize the JP = 2+ and JP = 0+ samples to the
SM Higgs cross section at 125 GeV (µ = 1.0). Black solid line represents observed value, while green and yellow area are 1 s.d.
and 2 s.d. on the expectation from the null hypothesis H0, which is in this case SM Higgs boson plus background.


